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We devise a cold-atom approach to realizing a broad range of bi-linear quantum magnets. Our
scheme is based on off-resonant single-photon excitation of Rydberg P -states (Rydberg-dressing),
whose strong interactions are shown to yield controllable XYZ-interactions between effective spins,
represented by different atomic ground states. The distinctive features of Fo¨rster-resonant Ryd-
berg atom interactions are exploited to enhance the effectiveness of Rydberg-dressing and, thereby,
yield large spin-interactions that greatly exceed corresponding decoherence rates. We illustrate the
concept on a spin-1 chain implemented with cold Rubidium atoms, and demonstrate that this per-
mits the dynamical preparation of topological magnetic phases. Generally, the described approach
provides a viable route to exploring quantum magnetism with dynamically tuneable (an)isotropic
interactions as well as variable space- and spin-dimensions in cold-atom experiments.
PACS numbers: 32.80.Ee, 37.10.Jk, 75.10.Pq, 03.65.Vf
The exploration of quantum spin models is pivotal to
the understanding of complex material properties [1] and
has led to new concepts of phase transitions and dis-
coveries of exotic quantum phases. A prominent exam-
ple is the spin-1 Heisenberg chain, which forms the ba-
sis of Haldane’s conjecture [2] about the emergence of
a symmetry-protected topological phase [3] that cannot
be characterized by a local order parameter in terms of
Landau’s theory of phase transitions.
Cold atoms [4–6], molecules [7–9] and ions [10–14] are
emerging as promising platforms for a precise implemen-
tation of such spin models, leveraging on well controllable
interactions and various lattice geometries with detailed
experimental access to microscopic observables. This
presents unique opportunities for studying exotic phases
of quantum magnets and currently arising questions re-
garding their nonequilibrium physics. Yet, the realization
of strong interactions and/or sufficiently low decoherence
rates in order to observe long-time quantum dynamics
and prepare low-energy, magnetic phases remains a ma-
jor challenge.
Here, we describe a cold-atom approach to a broad
class of quantum spin models via optical dressing to
high lying Rydberg states. By exploiting strong interac-
tions and state mixing between highly excited states, we
show how to realize various types of interactions between
effective spins, represented by Rydberg-dressed ground
states. We identify special configurations for which this
Rydberg-dressing [15–18] yields enhanced interactions
that greatly exceed associated decoherence rates.
Basic setup – As illustrated in Fig. 1a, we consider a
linear chain of ultracold atoms confined within an optical
lattice [19, 20] or an array of micro traps [21, 22], with
typical spacings of a few µm and temperatures of up to
several 10µK [21]. Focusing on the specific case of Ru-
bidium atoms, the three mF = 0,±1 Zeeman states of
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FIG. 1: (color online) (a) A one-dimensional lattice of ul-
tracold Rubidium atoms realizes an effective spin-1 chain, en-
coded in themF = 0,±1 Zeeman states of the F = 1 hyperfine
manifold, as illustrated in panel (b). An elliptically polarized
beam admixes excited states of a nP3/2 Rydberg manifold
with a detuning ∆ and Rabi frequency Ω |∆|. The strong
Rydberg interactions, shown in (c) for n = 43, thereby induce
effective interactions between the dressed ground states. Ex-
citing close to minima of the interaction potential yields dras-
tically enhanced interactions and permits to tune the relative
strength of different interaction terms by selective coupling
to molecular states with total angular momenta of M = 0
or M = ±1. The color coding indicates the fraction, fp,
of optically coupled Rydberg-pair states for each molecular
eigenstate [57].
the |5S1/2, F = 1〉 ground state manifold provide a natu-
ral choice to encode an effective spin-1 degree of freedom
(cf. Fig. 1b). An elliptically polarised beam propagat-
ing along the chain axis couples these states to a Zeeman
manifold of highly excited nP3/2 Rydberg states with a
large frequency detuning ∆. The Rabi frequencies, Ω±, of
its σ±-polarization components are defined with respect
to the |mF = ±1〉 → |nP3/2,∓1/2〉 transition, with the
total intensity scale Ω2 = Ω2+ + 
2Ω2− and ellipticity .
ar
X
iv
:1
41
1.
31
18
v2
  [
co
nd
-m
at.
qu
an
t-g
as
]  
27
 Ju
l 2
01
5
2distance, R [µm] distance, R [µm]
(a)
(b)
(d)
(c)
|eei |eei
|egi
|egi
|ggi |ggi
|##i
|##i
E
[k
H
z]
E
[M
H
z]
FIG. 2: (color online) Pair potentials for optical excitation to
(a,b) 32P3/2 and (c,d) 43P3/2 Rydberg states by σ+-polarised
light with Ω = 10MHz and ∆ = −226MHz. In both cases the
maximum decay rate is γ¯/γ = 5.5× 10−3, while the effective
ground state interactions close to a Fo¨rster resonance (d) are
strongly enhanced compared to purely repulsive interactions
(b). The colors indicate the potentials of 2-atom ground states
(|gg〉) as well as singly (|eg〉) and doubly (|ee〉) excited states.
Panels (b,d) show the detailed interaction energy for pairs of
|g〉 = |↓〉 ≡ |5S1/2mJ =−1/2〉 fine structure ground states.
Due to the strong ∼ n2 scaling of their electronic dipole
moments, the interaction between Rydberg states can ex-
ceed typical frequency detunings of the dressing laser. As
a result, the strong Rydberg-Rydberg atom interaction
dramatically alters the optical dressing of adjacent atom
pairs, thereby leading to light-induced spin interactions.
Fo¨rster resonant Rydberg interactions – At µm-scale
distances, Rydberg-Rydberg atom interactions predomi-
nantly emerge from dipole-dipole coupling to other elec-
tronic pair states. Typically, the energy mismatch be-
tween two such pair states greatly exceeds their cou-
pling strength, resulting in a van der Waals potential
[23]. For certain Rydberg states, however, one finds ac-
cidental resonances of nearly degenerate pair states, at
which interactions are greatly enhanced and acquire a
longer ranged distance dependence [23]. Such so-called
Fo¨rster resonances have been investigated in a number
of Rydberg atom experiments [24–29] and were recently
exploited [30] for nonlinear optics applications [31, 32].
While recent experiments [29, 33, 34] with atoms at
R & 3µm have confirmed this simplified description to
a remarkable degree, it becomes increasingly inaccurate
for smaller distances, R ∼ 1µm and n & 30. We have
hence performed numerical calculations of the molecu-
lar interaction potentials, using large basis sets of up
to several 104 states [57]. Fig. 1c shows the resulting
potential curves around an (nP3/2nP3/2)-asymptote for
n = 43, slightly above a Fo¨rster resonance at n = 39.
This leads to asymptotically attractive interactions for
(nP3/2mJ , nP3/2m
′
J)-pairs states with total angular mo-
mentum M = mJ + m
′
J = 0 and M = ±1. At smaller
distances, these curves approach lower lying, repulsive
(nP1/2nP3/2)-pair potentials, and their strong dipole-
dipole coupling leads to pronounced potential wells at
R0 ≈ 1µm. Importantly, all intersecting molecular
states are predominantly composed of nPJ states with
at least one nP3/2-state atom, such that the formed
wells still feature a large optical coupling strength for
the ground−Rydberg state transition (cf. Fig. 1c). Ex-
ploiting the vanishingly small hyperfine splitting of these
Rydberg states, the effective spin interactions can be
conveniently determined by first ignoring the hyperfine
structure of the 5S1/2-states and subsequently projecting
the resulting interactions between fine structure ground
states, | ↑〉 = |5S1/2mJ = 1/2〉 and | ↓〉 = |5S1/2mJ =
−1/2〉, onto a given hyperfine F -manifold.
Rydberg dressing – The major motivation behind the
application of far-detuned light is to admix only a small
Rydberg-state fraction, Pryd  1, to the dressed atomic
ground state, such that it features a greatly suppressed
decay rate γ¯ = Prydγ relative to that of bare Rydberg-
state decay, γ [35]. Existing approaches [16, 17, 36–38]
are based on an excitation blockade [40], which inhibits
simultaneous dressing of two or more atoms within a crit-
ical distance Rc and gives rise to a soft-core potential,
∼ Vmax/(R6+R6c) [16], arising from a distance-dependent
two-body light shift E(R). For a single ground and
Rydberg state, the potential height, Vmax, corresponds
to the differential light shift of an excitation-blocked
(R→ 0)and non-interacting atom pair (R→∞), E(0) =
−(∆ − √∆2 + 2Ω2)/2 and E(∞) = −(∆ − √∆2 + Ω2),
respectively. Hence, Vmax = E(0)−E(∞) = −Ω4/(2∆)3
to leading order in the small parameter Ω/|∆|. The small
Rydberg state admixture Pryd = Ω
2/(2∆)2 yields a deco-
herence rate of γ¯ = γΩ2/(2∆)2. Thus the figure of merit,
|Vmax|
γ¯ =
Ω
2|∆|
Ω
γ , for observing coherent quantum dynam-
ics can be increased by maximizing the laser intensity but
is always suppressed by Ω/|∆|  1. Figs. 2a and 2b show
molecular potentials for dressing to 32P3/2 states with
σ+ polarized light. While energy crossings with nearby
pair states [39] lead to increasingly dense resonances at
smaller distances, the described plateau structure is still
apparent for R & 0.5µm.
As shown in Figs. 2c and 2d, the situation changes
for Fo¨rster-resonant interactions where one can exploit
the deep potential wells U(R) to enhance the dressing-
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FIG. 3: (color online) Examples of virtual four-photon
processes leading to state-changing interactions between the
fine structure ground states. The combination of σ+ and
σ−polarized components opens up different interaction chan-
nels depending on the total angular momentum M of the
doubly excited Rydberg state.
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FIG. 4: (color online) Strengths of dressing-induced interac-
tions between (a) fine and (b) hyperfine ground states, scaled
by the corresponding decoherence rate γ¯. Rydberg 43P3/2
states are excited with Ω = 10MHz for an atomic distance
R = 1.2µm. The interactions are obtained from 4th order
perturbation theory which is accurate well outside of the grey-
shaded regions corresponding to |δ| < Ω2/(2|∆|).
induced interactions. With the well depth U0 = U(R0)
we define a total pair detuning δ = 2∆ − U0. Hence,
|δ| can be made smaller than |∆| to enhance the ad-
mixed fraction of Rydberg-pairs with respect to single
excitations, thereby giving a more favourable ratio of in-
teractions and decoherence rates. This can be seen from
the two-body light shift at the potential well E(R0) =
Ω2
2∆ +
Ω4
4∆2 (δ
−1 −∆−1), which gives Vmax ≈ Ω4/(U20 δ) for
|δ|  |∆|. The excitation fraction Pryd ≈ Ω2U20 (1 + Ω
2/δ2)
is now determined by both single- and two-body excita-
tions, such that |Vmax|γ¯ =
Ω/|δ|
1+(Ω/δ)2
Ω
γ assumes a maximum
for |δ| = Ω. Hence, the corresponding ratio |Vmax|γ¯ = Ω2γ
is strongly enhanced by a factor of |∆|/Ω 1, as shown
in Fig. 2d.
Effective spin interactions – We now extend the above
discussion to the simultaneous dressing of all four pos-
sible pair states (| ↑↑〉, | ↓↑〉, | ↑↓〉, | ↓↓〉) using van
Vleck perturbation theory [41] in the small parameter
Ω/∆  1 [57]. Up to second order, the problem still
factorizes and yields state-dependent light shifts E↑ and
E↓, corresponding to an effective longitudinal magnetic
field E↑ − E↓. Interactions emerge within fourth order
from distance-dependent energy shifts E↑↑(R), E↓↓(R)
and E↑↓(R) = E↓↑(R) of the four different pair states.
Due to the different dipole matrix elements of the in-
volved transitions between the two ground and the var-
ious Rydberg states these pair energies split. This gives
rise to an effective Ising-type spin interaction Wzz =
E↑↑ − 2E↑↓ + E↓↓ and an additional longitudinal mag-
netic field (E↑↑ − E↓↓)/2.
In addition to providing two-body level shifts, the Ryd-
berg atom interactions also lead to strong Zeeman state
mixing within a given Rydberg manifold [42]. For the
present geometry, each molecular Rydberg state is com-
posed of all possible pair states |nP3/2mJ , nP3/2m′J〉 with
a fixed total angular momentum M = mJ + m
′
J . For a
finite ellipticity,  > 0, the combination of σ+- and σ−-
polarized light provides a two-photon coupling between
the two-body ground and doubly excited Rydberg states
with a total angular momentum change of ∆M = 0,±2.
As illustrated in Fig. 3, this opens up two-body ground
state transitions of the type | ↑↓〉 ←→ | ↓↑〉 (∆M = 0)
and | ↑↑〉 ←→ | ↓↓〉 (∆M = ±2). The corresponding
coupling strengths, ∼ Ω4/(U20 δ), are comparable to the
above Ising-type interactions, and their relative strength
can be controlled by the laser detuning from the differ-
ent potential wells. Exciting near the middle well (cf.
Fig. 1c) with M = ±1 predominantly dresses the |↑↑〉
and | ↓↓〉 states and, therefore, yields a large coupling
strength W++ between these two pair states (cf. Fig.
3b). Analogously, tuning close to the upper well with
M = 0 provides enhanced flip-flop transitions between
|↑↓〉 and |↓↑〉 (cf. Fig. 3a) with a frequency W+−.
Fig. 4a shows these interaction strengths as a function
of the laser detuning covering the two uppermost poten-
tial wells in Fig. 1c. Indeed, the spin exchange interac-
tions are widely tuneable, with dominant flip-flop interac-
tions close to the M = 0 resonance (∆ ≈ −163MHz) and
vice versa at the M = ±1 resonance (∆ ≈ −221MHz).
Moreover, the laser detuning directly controls the sign of
Wzz, giving antiferromagnetic interactions (Wzz > 0) in
between the two wells and ferromagnetic ones (Wzz < 0)
on the opposite side of the resonances.
In order to characterize the achievable degree of coher-
ence we have scaled the interactions by the effective deco-
herence rate per atom, arising from spontaneous decay of
the weakly admixed Rydberg states. As discussed above,
the scaled interactions assume a maximum at δ ≈ Ω
around each of the two resonances. Note that the de-
picted curves present an upper bound on decoherence
effects, since we have used the maximum decoherence
rate, γ¯max, out of the four dressed pair states. This im-
plies that interactions can be made at least three orders
of magnitude larger than the induced decoherence rates.
Spin-1 Hamiltonian – Our perturbative treatment is
accurate as long as Ω  |∆| and |δ|  Ω2/(2|∆|) (cf.
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FIG. 5: (color online) -dependence of the interaction
strengths and effective magnetic field for two atoms separated
by R = 1.2µm coupled to the 43P3/2 Rydberg manifold with
Ω = 10 MHz and ∆ = −163 MHz.
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FIG. 6: (color online) (a) Time evolution of D and Ω used
to steer the ground state of a 12-atom chain with a lattice
constant of 1.2µm, coupled to 43P3/2 Rydberg states with
∆ = −163MHz and  = 1. (b) The large ground state fidelity
indicates the high degree of adiabaticity for a short evolution
time τ ≈ 0.4ms. (c) τ -dependence of the final ground state
fidelity. (d,e) Short-range Neel-order and long-range string-
order correlations, O(i,j)N,z (c) and O(i,j)s,z (d) of the final state,
characteristic for the targeted Haldane phase.
Fig. 4). This limit permits a straightforward extension
to N dressed atoms, since the resulting many-body en-
ergy surfaces split into sums of n-particle interactions of
order O[ε2(n−1)] in the small parameter ε = Ω/∆. Hence,
it suffices to retain binary interactions, as derived above.
For tight confinement, each singly occupied lattice site
at position Xi acts like a point-particle [43] with the ef-
fective interaction strengths determined above. Finally,
we incorporate the nuclear spin coupling by projecting
the corresponding N -body Hamiltonian onto the F = 1
ground state manifold, and obtain a general bilinear spin-
1 XYZ-Hamiltonian of the form
Hˆ =
∑
i
B(i)Sˆ(i)z +D
(
Sˆ(i)z
)2
+
∑
i<j
J (i,j)zz Sˆ
(i)
z Sˆ
(j)
z + J
(i,j)
+−
(
Sˆ(i)x Sˆ
(j)
x + Sˆ
(i)
y Sˆ
(j)
y
)
+
∑
i<j
J
(i,j)
++
(
Sˆ
(i)
+ Sˆ
(j)
+ + Sˆ
(i)
− Sˆ
(j)
−
)
. (1)
The spin-1 interactions J
(i,j)
zz = Wzz(Rij)/16, J
(i,j)
+− =
W+−(Rij)/16 and J
(i,j)
++ = W+−(Rij)/8 depend on the
distances Rij = |Xi−Xj |, but essentially provide nearest-
neighbour interactions for lattice spacings ∼ R0. Despite
their reduced strength, the interactions remain consid-
erably larger than the corresponding decoherence rates
(cf. Fig. 4b). The second term in Eq. (1) can be im-
plemented via dressing to low-lying states with a linearly
polarised field [44]. The effective magnetic field B(i) =
(E↓−E↑)/4 +
∑
j 6=i(E↓↓(Rij)−2E↑↓(Rij) +E↑↑(Rij))/8
is dominated by second order light shifts and, hence, pro-
vides the largest energy scale. It can, however, be com-
pensated via additional optical dressing to a low-lying
state with circularly polarized light, or canceled entirely
by choosing  = 1 (cf. Fig. 5). In addition to tuning the
magnetic field, the ellipticity, , of the excitation laser
also permits to tune the relative strength of the spin in-
teractions while keeping |δ| ≈ Ω. For J++  J+−, Jzz
and B(i) = D = 0 the resulting XXZ-model undergoes
a quantum phase transition from a Neel-ordered state to
the Haldane phase at Jzz ≈ 1.17J+− [45], which accord-
ing to Fig. 5 occurs at  ≈ 0.3.
The full dynamical control over the Hamiltonian (1),
e.g., enables the preparation of such topological phases
in finite spin chains. Pumping all atoms into the mF = 0
state yields the many body ground state of Eq. (1) for
vanishing interactions (Ω = 0) and D > 0. Gradually
reducing D and simultaneously turning on the Rydberg
coupling Ω, thus, permits to transfer this initial state
into the Haldane phase at D = 0 and 0.85J+− > Jzz > 0
(Fig. 6a). As shown in Fig. 6b for N = 12 atoms, adia-
baticity can be achieved for rather short evolution times
during which just ∼ 1 of the atoms undergoes a single
decay in average. The Haldane phase is characterized by
nonlocal string order, O(i,j)s,z = 〈Sˆ(i)z ∏j−1k=i+1 eipiSˆ(k)z Sˆ(j)z 〉
[46], in the absence of local order, O(i,j)N,z = 〈Sˆ(i)z Sˆ(j)z 〉.
As shown in Figs. 6c and d, the dynamically prepared
many-body state indeed exhibits this behaviour to an
extent that should be observable with current quantum
gas microscope techniques, via state-selective imaging of
the atoms [47].
Conclusion – We have described a cold-atom platform
for a wide range of quantum magnets with strong spin
interactions and long coherence times. While we have
focussed here on naturally occurring Fo¨rster resonances,
they can also be induced by external electric fields [24],
making our scheme applicable to other atomic species
and higher principal quantum numbers, for which co-
herence can be increased even further. Dressing of ei-
ther or both F = 1 and F = 2 hyperfine states per-
mits to expand the underlying spin-dimension to 2 or
3 [48]. Alternatively, spin-1/2 models can be realized
via selective dressing of two stable, energetically isolated
states [37, 49]. In this case the present scheme yields
larger interaction strengths (cf. Fig. 4a) that can ex-
ceed associated decoherence rates by more than 3 orders
of magnitude. Moreover, the setting can be extended to
higher dimensions and various lattice geometries, which
opens the door to the rich physics of frustrated quan-
tum magnets [50, 51] including experimental searches
for two-dimensional spin liquids [52, 53]. Here, the an-
gular structure of the involved Rydberg states can also
be used to engineer anisotropic interactions [36, 38, 49],
where exciting below the demonstrated potential minima
will prevent problems of resonant Rydberg excitation at
otherwise occurring potential crossings. From a differ-
ent perspective, our approach leads to a pronounced well
structure of the state-dependent interactions (cf. Fig.
52d), which are sufficiently deep (∼ µK) to promote the
formation of self-assembled quantum aggregates that pro-
vide an experimental platform to study quantum trans-
port under controllable phonon coupling. The prepara-
tion of low-energy states of large lattices will naturally
require a compromise between adiabaticity and decoher-
ence processes. Yet, the tuneable coherence times and
full dynamical control of the underlying spin model opens
up promising ways to explore complex quantum evolu-
tion, including relaxation of nonlocal order [54] or the
nonequilibrium physics of driven open quantum mag-
nets [55]. Rydberg dressing of two atoms has recently
been demonstrated [56] and with the recent experimen-
tal breakthroughs [19, 20, 29, 34] in manipulating Ryd-
berg states of atomic lattices all these applications may
become accessible in the near future.
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Note added – While writing this article we were in-
formed by A. Glaetzle and P. Zoller about related work
[49] on 2D spin lattices using two-color Rydberg-dressing.
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